The posttranslational modification of histones is a key mechanism for the modulation of DNA accessibility. Acetylated lysine 56 in histone H3 is associated with nucleosome assembly during replication and DNA repair, and is thus likely to predominate in regions of chromatin containing nucleosome free regions. Here we show by x-ray crystallography that mutation of H3 lysine 56 to glutamine (to mimic acetylation) or glutamate (to cause a charge reversal) has no detectable effects on the structure of the nucleosome. At the level of higher order chromatin structure, the K to Q substitution has no effect on the folding of model nucleosomal arrays in cis, regardless of the degree of nucleosome density. In contrast, defects in array-array interactions in trans ('oligomerization') are selectively observed for mutant H3 lysine 56 arrays that contain nucleosome free regions. Our data suggests that H3K56 acetylation is one of the molecular mechanisms employed to keep chromatin with nucleosome free regions accessible to the DNA replication and repair machinery.
Introduction
Nucleosomes, the basic building blocks of chromatin, are formed by coiling 147 base pairs of DNA around a protein core that consists of two copies each of histones H2A, H2B, H3 and H4 [1] . Hundreds of thousands of nucleosomes arrayed on chromosomal DNA undergo hierarchical condensation steps to achieve the degree of compaction that is necessary to fit the entire eukaryotic genome into the confines of the nucleus [2] . Properties that regulate the degree of compaction of nucleosomes and chromatin (e.g., histone saturation levels, histone variants, and post-translational modifications) will either locally or globally affect DNA accessibility to permit access to the genome.
Posttranslational modifications of histones have emerged as a key mechanism to regulate important biological processes such as transcription, DNA repair, and replication (reviewed for example in [3, 4] ). Numerous side chains in the histone tails, and an increasing number of Correspondence to: Jeffrey C. Hansen; Craig Peterson; Karolin Luger. * These authors contributed equally to this work amino acids in the structured regions of the histones, are the targets of tightly regulated and highly specific activities that add or remove chemical modifications to specific locations in chromatin in response to biological cues (reviewed in [3, 5, 6] ). Modern techniques identify new post-translational modifications at a rapid rate; however, our understanding of the mechanisms by which the chemical modification of selected histone residues affects chromatin biology has lagged behind. In many cases, specifically modified histone tails in turn recruit specific activities required for the required task (e.g. DNA repair, transcription, etc.; [7] ). Recent structural work has confirmed the notion that the structure of the nucleosome itself is not greatly affected by histone modifications [8] . However, modification of certain residues has pronounced effects on the ability of nucleosomal array to fold and compact into higher order structures of increasing complexity [8] [9] [10] .
Recently, the acetylation of H3K56 has received much attention due to its implied biological roles in transcription, DNA repair, and in maintaining genomic stability [11] [12] [13] [14] . The modification is added onto non-nucleosomal H3 by the HAT Rtt109 (in yeast) or p300 (in metazoans) and is subsequently incorporated into nucleosomes. H3K56ac is a marker for newly synthesized histones during replication ( [15] and references therein), and is also implicated in creating a favorable chromatin environment for DNA repair [16, 17] . Additionally, it plays a role in chromatin disassembly during transcriptional activation [11, 12] . Because of the location of this residue in the structured region of H3 near the DNA at its entry-and exit point [1] it has been speculated that acetylation may destabilize the nucleosome sufficiently to account for some of the observed biological effects [18] .
A recent exciting technical development now allows genetic encoding of N(epsilon)acetyllysine into recombinant proteins in specific positions [19] . This has enabled a first analysis of nucleosomes and nucleosomal arrays reconstituted with histone H3 specifically acetylated at K56 [20] . These studies showed that H3K56ac does not affect salt-dependent nucleosome stability, but that moderately increased 'breathing' of the DNA ends can be observed in H3K56ac nucleosomes. It was further shown that there is no effect of this modification on the salt-dependent compaction of saturated nucleosomal arrays with and without linker histone H5. However, a long saturated array of nucleosomes with linker histone does not mimic the natural chromatin configurations in which H3K56ac is found (see above). Due to the preponderance of H3K56ac in regions of active transcription and near sites of replication-and repair-coupled DNA assembly, this modification should also be studied in the context of subsaturated chromatin depleted of nucleosomes and linker histone, i.e., nucleosomal arrays containing nucleosome-free regions.
Here we present two crystal structures of nucleosomes in which H3K56 has been substituted with either glutamine to mimic acetylation, or with glutamic acid to introduce a charge reversal at this location. Our data indicate that the structure of the nucleosome remains unaffected by these changes. We also analyze the folding and oligomerization properties of subsaturated and saturated nucleosomal arrays bearing K56Q and find that this substitution negatively affects the ability of the arrays to oligomerize when they are subsaturated and contain nucleosomefree "gaps" in the arrays. No effects of K56Q were observed at the level of local array folding. Our data suggests that the acetylation of H3K56 results in a more globally open and accessible chromatin structure in regions of the genome depleted of nucleosomes.
Materials and Methods

Proteins and DNA
Histone expression and purification was performed as described previously [21] . The 147 bp palindromic α-sat DNA was purified as described [21] . The 208-12 5S rDNA repeat used to prepare model nucleosomal arrays was purified following published procedures [22, 23] .
Reconstitution of nucleosomes and nucleosomal arrays
Nucleosomes were reconstituted onto palindromic 146 bp DNA fragment derived from αsatellite DNA as previously described [1, 21] . Briefly, equal molar ratios of histone octamers containing H3K56Q or H3K56E were mixed with 147 bp α-sat DNA in TE buffer (10mM Tris-HCl, 0.25 mM EDTA, pH 7.5) containing 2.0 M KCl 2 . and dialyzed using salt gradient dialysis into TE buffer (0 M KCl 2 ). Nucleosomes were heat shifted at 37° for 1 hour to uniformly position the octamer on the 147 bp DNA template. The nucleosomes were purified from excess DNA and unbound protein using a Prep Cell Model 491 purification system (Bio-Rad) and analyzed by native -PAGE [21] .
Nucleosomal arrays were reconstituted onto 208-12-5S rDNA as described [24] . Briefly, equimolar ratios of histone octamers containing H2A, H2B, H4 and H3 or H3K56Q were mixed with the 208-12 DNA template in TE buffer (10 mM Tris-HCl, 0.25 mM EDTA, pH 7.8) containing 2.0 M NaCl 2 , followed by step-wise salt gradient dialysis to low salt TEN buffer (2.5 mM NaCl 2 -TE) [24, 25] .
Nucleosome crystallization
Nucleosomes containing H3K56Q and H3K56E were crystallized by using salting in vapor diffusion at nucleosome concentrations ranging from 8-10 mg/ml and solution conditions of 36 mM KCl, 40 mM MnCl 2 , 5 mM K-cacodylate and 36 mM KCl, 42 mM MnCl 2 , 5 mM Kcacodylate. The crystals were soaked in 24% 2-methyl, 2,4-pentanediol (MPD), 5% trehalose, 40.0 mM KCl, 37.0 mM MnCl 2 5.0 mM K-Cacodylate, pH 6.0 [1] . X-ray data was collected at the Advanced Light Source (beam line 4.2.2). The data was processed with Denzo and Scalepack. PDB entry 1KX5 was used as a search model for molecular replacement. Molecular replacement and further refinement was done with CNS [26] . Coot was used for model building [27] .
Analytical ultracentrifugation
Sedimentation velocity studies were carried out using a Beckman XL-A analytical ultracentrifuge using absorbance optics. Samples were mixed to a final A 260 of 0.6 -0.8 and equilibrated at 20° C. for one hour prior to sedimentation. Nucleosomal arrays were sedimented at 18-25,000 rpm with radial increments of 0.001cm. V-bar and ρ were calculated using Ultrascan v9.4 for windows.
Folding and oligomerization of nucleosomal arrays
To assay folding, nucleosomal arrays were diluted with TEN buffer to a final concentration of 2.0 mM MgCl 2 and a final A 260 of 0.6-0.8 and subjected to sedimentation velocity. Boundaries was analyzed using the improved method of van Holde and Weischet [28] to obtain the integral distribution of sedimentation coefficients, G(s), using UltraScan v9.4 for windows. The average sedimentation coefficient (s mid ) was defined as the sedimentation coefficient at the boundary midpoint (boundary fraction = 0.5).
To assay oligomerization, differential centrifugation was used as previously described [29, 30] . Briefly, nucleosome arrays were diluted to an A 260 = 1.2 with TEN buffer. Arrays were mixed with MgCl 2 -TEN buffer, incubated for five minutes at room temperature and then centrifuged in a bench-top microfuge at 13,000 RPM (~16,000 × g) for 5 min. The A 260 of the supernatant was then determined in a Beckman DU 800 Spectrophotometer. Data were expressed as a percentage of the total sample that remained in the supernatant as a function of MgCl 2 . The Mg 50 is defined as the MgCl 2 concentration at which the sample was 50% oligomerized [29, 30] .
Results
The crystal structures of nucleosomes containing H3K56Q and H3K56E
We used site directed mutagenesis of H3 to mimic acetylation (H3K56Q), and to introduce a more extreme disturbance at this site by changing the charge from positive to negative (H3K56E). Recombinant H3 containing H356Q or H3K56E were assembled into histone octamers together with recombinant H2A, H2B, and H4. Mono-nucleosomes were reconstituted onto palindromic α-sat DNA [1] . Both mutant nucleosomes were indistinguishable from wild type unmodified nucleosomes based on heat-shifted mobility changes in EMSA assays ( Figure 1A, B ).
We determined the crystal structure of nucleosomes reconstituted with H3K56Q and H3K56E to a resolution of 3.8 and 3.2 Å respectively, using molecular replacement. Table 1 summarizes data collection and refinement statistics for both datasets. H3K56 is located near the entry and exit point of nucleosomal DNA ( Fig. 2A, B ). The N epsilon group of H3K56 has a distance of 4 Å to the nearest phosphate group in nucleosomal DNA (Fig. 2C ). The mutation of H3K56 to Q or E had no effect on the overall structure of the nucleosome, as revealed by rmsds of < 0.5 when comparing either structure to the wild type nucleosome. The H356E side chain is clearly visible in the electron density generated in omit maps (Fig. 2C ). The acidic side chain rotates away from the DNA and towards the solvent. The density for H3-56Q is not visible due to the relatively low resolution of this structure. However, the main conformation of the main chain of the histone and the C β atom of H356Q is not altered compared to the wild type structures.
Importantly, DNA conformation was also unchanged in both particles compared to wild type nucleosomes. This was not unexpected, since the distance between H3K56 and the DNA phosphodiester backbone is too long for a hydrogen bond, and since there is plenty of space for the mutated amino acid to avoid charge-charge interference. Because the side chain is free to rotate, it is unlikely to cause charge-charge repulsion with the DNA. It has been previously observed that the acetylation of H3K56 results in increased breathing of DNA ends [20] . Crystal packing stabilizes the DNA in a 'closed' conformation [31] , and thus our results are entirely consistent with this observation.
H3K56Q affects oligomerization of nucleosomal arrays that are depleted of nucleosomes
In vitro chromatin condensation consists of two reversible salt-dependent structural transitions: folding (mediated by short-range nucleosome -nucleosome interactions within one nucleosomal array) and oligomerization (mediated by inter-array interactions) [2, 8, 9] . To investigate the effect of H3K56 modification on higher order chromatin structure, we assembled model nucleosomal arrays from 208-12 DNA and histone octamers containing the acetylation mimic, H3K56Q. The condensation behavior of wild type and mutant nucleosomal arrays via inter-array interactions was then determined as a function of MgCl 2 concentration. Because the acetylation of H3K56 is predominantly associated with chromatin assembly and nucleosome-free genomic regions, we wanted to test the effect of H3K56Q on the condensation properties of not only saturated templates, but subsaturated templates containing nucleosomefree repeats [25] .
The oligomerization curves for nucleosomal arrays that had an average ~11 bound histone octamers per 208-12 DNA template are shown in Fig. 3A , black symbols. The degree of saturation was determined by sedimentation velocity in TEN buffer (s midpoint = 25-26.5 S; data not shown) as described [24, 25] . Under these conditions, the MgCl 2 concentration at which the sample was 50% oligomerized (Mg 50 ) of H3K56Q arrays was indistinguishable from wild type arrays. However, when the oligomerization experiment was repeated with subsaturated nucleosomal arrays containing an average of only ~8 histone octamers/template (s midpoint = 21-22 S; data not shown), the oligomerization curve and Mg 50 of the H3K56Q arrays were right-shifted relative to wild type (Fig. 3A, open symbols) . A summary of the oligomerization data obtained over a wide range of saturation levels is shown in Fig. 3B . Data are plotted as Mg 50 against the number of nucleosomes as determined by sedimentation coefficient in TEN. The data points are fit with a linear regression to demonstrate the overall trend, even though the distribution of points for H3K56Q is suggestive of nonlinear behavior. The results showed two clear trends. First, the Mg 50 of the wild type arrays increased linearly as the extent of saturation decreased, consistent with previous results [32] . Second H3K56Q had a major effect on oligomerization of highly to moderately subsaturated arrays. Of note, the effect of K56Q on oligomerization was greater than the effect of the loss of histone octamers per se. These data demonstrate that the H3K56Q mutation is able to significantly disrupt cooperative, inter-array interactions when the arrays contain nucleosome-free regions.
Folding of nucleosomal arrays is unaffected by the H3K56Q mutation
We next examined the salt-dependent folding of wild type and H3K56Q nucleosomal arrays as a function of array saturation. Folding is assayed increases in the sedimentation coefficient at lower salt concentrations than cause oligomerization. S-values were identical for wild type and H3K56Q arrays in low salt TEN at all levels of saturation. Samples were exposed to 1.75 mM MgCl 2 to induce folding and subjected to sedimentation velocity in the analytical ultracentrifuge. Data were analyzed to obtain the integral distribution of sedimentation coefficients across the boundaries [28] . Figure 4A shows the data obtained for saturated arrays. Both the wild type and H3K56Q arrays folded robustly as indicated by the right-shifted sedimentation coefficient distributions that ranged as high as 55S [2] . Importantly, the wild type and H3K56Q profiles were essentially identical, indicating no effect of this modification on folding under these conditions. A graph of s midpoint against the number of nucleosomes per template confirms that wild type and K56Q arrays fold identically over a wide range of nucleosome saturated levels (Fig. 4B) . These data suggest that H3K56Q does not affect folding of nucleosomal arrays.
Discussion
Posttranslational modifications of histones have the potential to alter chromatin structure at many levels. Modification or amino acid substitutions of the histone tails (e.g. [8, 9, 33] or introduction of histone variants to alter the nucleosome surface (e.g. [34, 35] ) can change higher order chromatin folding and oligomerization. Post-translational modifications of histones can also have moderate effects on accessibility and DNA conformation in a mono-nucleosome [36] [37] [38] [39] , and may alter the ability of histones to engage in histone-histone and histone-DNA interactions, with potential effects on nucleosome stability as was recently observed for the acetylation of H3K56 [20] . It is therefore important to characterize the effect of each histone post-translational modification at multiple structural levels and in different contexts.
The vast majority of histone modifications are located in the flexible histone tails, with little if any potential to impact the structure of the nucleosome per se. However, an increasing number of posttranslational modifications are being identified in the structured region of the histones, with several on side chains near the DNA. Thus far three from the latter category have been characterized biophysically and structurally. The dimethylation of H3K79 has no effect on either the structure nucleosomes or the condensation of nucleosomal arrays [8] ; the acetylation of H3K115 and H3K122 increases the rate of thermal repositioning [40] , with no implications for the structure (M.L. Dechassa and K.L., unpublished); and the acetylation of H3K56 results in subtle changes in the exposure rate of DNA ends in mononucleosomes [20] .
H3K56Q mimics constitutive acetylation in that it causes reduced superhelicity of plasmid chromatin isolated from yeast cells and more rapid nuclease digestion of cellular chromatin [16, 41] and thus represents a good model for structural studies of H3K56Ac. We find that the substitution of H3K56 with either Q or E (resulting in an acetylation mimic or charge reversal, respectively), results in no discernable structural changes either in the histone octamer or in the path of the DNA. Since the canonical crystal packing of nucleosome entails base stacking of the DNA as it enters and exits the nucleosome [31] , the crystal lattice selects for nucleosomes in which the DNA is in close contact with the histone octamer; and thus subtle differences in DNA dynamics, as demonstrated by Neumann and colleagues [20] cannot be detected through x-ray crystallography.
Lysine 56 acetylation is an abundant modification of newly synthesized histone H3 molecules that are incorporated during S phase and during DNA damage repair [42] . Our finding that the acetylation-mimic H3K56Q affects the oligomerization of nucleosomal arrays only in the context of subsaturated arrays containing nucleosome-free regions is consistent with this important role. The oligomerization of nucleosomal arrays reflects long-range interactions between nucleosomes that are distinct from the short-range interactions responsible for array folding [2] . The independence of the two condensation transitions is reinforced by our result that the same K56Q mutation that disrupts oligomerization of subsaturated nucleosomal arrays has no effect on array folding, irrespective of their saturation level.
At this point one can only speculate on the physical basis for the effect observed with subsaturated arrays. It seems likely that our results are related to the increased site exposure of nucleosomal DNA observed by Neumann and colleagues in H3K56Ac nucleosomal arrays [19] . We speculate that site exposure may be more pronounced in arrays with multiple long nucleosome free regions, which serves to free up more linker DNA in the subsaturated arrays. This subsequently would require more MgCl 2 to induce oligomerization, as we have observed. It is also possible that H3K56 constitutes a surface area of the nucleosome that interacts with the histone tails during oligomerization, but not folding, and that H3K56Ac is more effective at disrupting such an interaction if there are large gaps in the array. Clearly, further experiments are required to dissect the molecular basis for the unique behavior of subsaturated arrays during oligomerization.
Our findings have several important ramifications for genomic regions harboring nucleosomes with acetylated H3K56. The presence of genomic chromatin containing nucleosome free regions is linked to processes involving increased DNA accessibility, such as transcription, repair, and replication [11] [12] [13] [14] 16, 17] . As discussed above, H3K56Ac tends to be associated with the nucleosomes in and around nucleosome free regions. The surprising observation that oligomerization of nucleosomal arrays containing nucleosome free regions is selectively affected by the K56Q mutation, with H3K56Q destabilizing inter-array interactions in vitro, strongly suggests that H3K56 acetylation is one of the mechanisms employed to keep chromatin with nucleosome free regions accessible at the higher order level. Both our data with H3K56Q, and those obtained previously with H3K56Ac [20] , indicate that this modification does not function at the level of local chromatin fiber folding. However, we note that folding is intrinsically inhibited by nucleosome free regions [22, 23] . Furthermore, the destabilization of (H3-H4) 2 tetramer-DNA interactions by H3K56Ac (A. J. Andrews and K.L., unpublished) may also facilitate nucleosome eviction events at RNAPII promoters, subsequent to the removal of the H2A-H2B dimer by ATP-dependent nucleosome remodeling enzymes or histone chaperones [43, 44] . Regardless of the mechanism(s) involved, identification of a modification that specifically targets chromatin with nucleosome free regions is novel. Our data are consistent with a model in which the tertiary interactions of subsaturated nucleosomal arrays are regulated by acetylation of H3 K56, and disruption of such interactions by H3 K56Ac has a significant impact on DNA repair, transcription, and the stability of stalled replication forks. A) Location of H3K56 in the nucleosome. H3 is shown in blue, H4 in green, H2A in yellow, and H2B in red. H3K56 is indicated in magenta. The nucleosome is viewed down the superhelical axis. B) as A), but rotated around the y-axis by about 75 degrees. C) Detailed view of the structure of a nucleosome with H3K56E, superimposed onto the wild type structure. Distances between the side chains and DNA are indicated. Electron density (2Fo-Fc) is contoured at 1 sigma. Effect of nucleosomal array saturation on intermolecular oligomerization. Nucleosomal arrays were reconstituted at various ratios of histone octamer to 208 bp 5S DNA repeats. Arrays were analyzed by sedimentation velocity analysis in TE buffer to determine their degree of saturation (S mid TE ). MgCl 2 concentration required for half of the arrays to remain in the supernatant is plotted as a function of S mid TE . Black circles, wild type; red triangles, H3K56Q. Lines represent a linear regression through the data points. Table 1 Data collection and refinement statistics for nucleosomes reconstituted with H3K56Q and H3K56E.
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